, and P D * L , we perform scans for the LQ couplings and make predictions for a number of observables. It is found numerically that both the differential branching fractions and the LFU ratios are largely enhanced by the LQ effects, with the latter being expected to provide testable signatures at the SuperKEKB and High-Luminosity LHC experiments.
Introduction
So far, the LHC has not observed any direct evidence for New Physics (NP) particles beyond the Standard Model (SM). However, several hints of Lepton Flavour University (LFU) violation emerge in the measurements of semileptonic b-hadron decays, which, if confirmed with more precise experimental data and theoretical predictions, would be unambiguous signs of NP [1, 2] . 1 [21, 22] , respectively. These anomalies have motivated numerous studies both in the Effective Field Theory approach [23] [24] [25] [26] [27] [28] and in specific NP models [29] [30] [31] [32] [33] [34] . We refer to refs. [1, 2] for recent reviews.
Recently, the Belle collaboration reported the first preliminary result of the D * longitudinal polarization fraction in the B → D * τν decay [35, 36] P D * L = 0.60 ± 0.08 (stat.) ± 0.04 (syst.),
1 Compared to the branching fractions themselves, the ratios R D ( * ) are advantaged by the fact that, apart from significant reduction of the experimental systematic uncertainties, the CKM matrix element V cb cancels out and the sensitivity to B → D ( * ) transition form factors becomes much weaker. 2 Here the SM values are the arithmetic averages [12] of the most recent calculations by several groups [13] [14] [15] [16] .
which is consistent with the SM prediction P D * L = 0.46 ± 0.04 [37] at 1.5σ. Together with the measurements of the τ polarization, P τ L = −0.38 ± 0.51 (stat.)
+0.21
−0.16 (syst.) [7, 8] , they provide valuable information about the spin structure of the interaction involved in B → D ( * ) τν decays, and are good observables to test various NP scenarios [37] [38] [39] [40] [41] [42] . Measurements of the angular observables in these decays will be considerably improved in the future [43, 44] . For example, the Belle II experiment with 50 ab −1 data can measure P τ L with an expected precision of ±0.07 [43] . In this work, motivated by these experimental progresses and future prospects, we study five b → cτν decays, B → D ( * ) τν, B c → η c τν, B c → J/ψτν, and Λ b → Λ c τν, in the leptoquark (LQ) model proposed in ref. [45] . Models with one or more LQ states, which are colored bosons and couple to both quarks and leptons, are one of the most popular scenarios to explain the R D ( * ) and R K ( * ) anomalies [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] . In ref. [45] , the SM is extended with two scalar LQs, one being SU (2) L singlet and the other SU (2) L triplet. The model is also featured by the fact that these two LQs have the same mass and hypercharge and their couplings to fermions are related via a discrete symmetry. In this way, the anomalies in b → cτν and b → sµ + µ − transitions can be explained simultaneously, while avoiding potentially dangerous contributions to b → sνν decays. By taking into account the recent developments on the transition form factors [13, 14, 18, 64-66], we derive constraints on the LQ couplings in this model. Then, predictions in the LQ model are made for the five b → cτν decays, focusing on the q 2 distributions of the branching fractions, the LFU ratios, and the various angular observables. Implications for future searches at the High-Luminosity LHC (HL-LHC) [67] and SuperKEKB [43] are also briefly discussed.
This paper is organized as follows: In section 2, we give a brief review of the LQ model proposed in ref. [45] . In section 3, we recapitulate the theoretical formulae for the various flavour processes, and discuss the LQ effects on these decays. In section 4, we present our detailed numerical analysis and discussions. Our conclusions are given in section 5. The relevant transition form factors and helicity amplitudes are presented in the appendices.
The Model
In this section, we recapitulate the LQ model proposed in ref. [45] , where a scalar LQ singlet Φ 1 and a triplet Φ 3 are added to the SM field content, to explain the observed flavour anomalies.
Under the SM gauge group SU(3) C , SU(2) L , U(1) Y , the LQ states Φ 1 and Φ 3 transform as (3, 1, −2/3) and (3,3, −2/3), respectively. Their interactions with the SM fermions are described by the Lagrangian [45] 
where Q j and L k denote the left-handed quark and lepton doublet with generation indices j and k, respectively. The couplings λ
1L
jk and λ
3L
jk are complex in general, but taken to be real throughout this work. It is further assumed that these two scalar LQs have the same mass M , and their couplings to the SM fermions satisfy the following discrete symmetry [45] :
With these two assumptions, the tree-level LQ contributions to the b → sνν decays are canceled.
After rotating to the mass eigenstate basis, the LQ couplings to the left-handed quarks involve the CKM elements as
where V ij is the CKM matrix element.
Theoretical Framework
In this section, we shall introduce the theoretical framework for the relevant flavour processes, and discuss the LQ effects on these decays.
b → cτν mediated processes
Including the LQ contributions, the effective Hamiltonian responsible for b → c iνj transitions is given by [45] 
. The W -exchange contribution within the SM gives C SM,ij L = δ ij , and the LQ contributions result in
It is noted that this Wilson coefficient is given at the matching scale µ NP ∼ M . However, as the corresponding current is conserved, we can obtain the low-energy Wilson coefficient,
, without considering the Renormalization Group Evolution (RGE) effect.
In this work, we consider five processes mediated by the quark-level b → c ν transition, including B → D ( * ) ν, B c → η c ν, B c → J/ψ ν, and Λ b → Λ c ν decays. All these processes can be uniformly represented by
where (M, N ) = (B, D ( * ) ), (B c , η c ) , (B c , J/ψ), and (Λ b , Λ c ), and ( ,ν) = (e,ν e ), (µ,ν µ ), and (τ,ν τ ). For each particle i in the above decay, its momentum and helicity are denoted by p i and λ i , respectively. In particular, the helicity of a pseudoscalar meson is zero, i.e., λ B (c) ,D,ηc = 0.
After averaging over the non-zero helicity of the hadron M , the differential decay rate of this process can be written as [42, 68] 
with the phase space
where Q ± = m 2 ± − q 2 , with m ± = m M ± m N and q 2 the dilepton invariant mass squared.
θ ∈ [0, π] denotes the angle between the three-momentum of and that of N in the -ν center-of-mass frame. The helicity amplitudes M
where λ W i denotes the helicity of the virtual vector bosons W , W 1 and W 2 . The coefficient
Explicit analytical expressions of the leptonic and hadronic helicity amplitudes H and L are given in appendices A and C.
Starting with eq. (11), we can derive the following observables:
• The differential decay width and branching fraction
where Γ M = 1/τ M is the total width of the hadron M .
• The q 2 -dependent LFU ratio
where dΓ(M → N lν l )/dq 2 denotes the average of the different decay widths of the electronic and muonic modes.
• The lepton forward-backward asymmetry
• The q 2 -dependent polarization fractions
Analytical expressions of all the above observables are given in appendix C. As these angular observables are ratios of the decay widths, they are largely free of hadronic uncertainties, and thus provide excellent tests of the NP effects.
As shown in eq. (8), the LQ effects generate an operator with the same chirality structure as in the SM. Therefore, it is straightforward to derive the following relation:
with N = D ( * ) , η c , J/ψ, and Λ c . Here, vanishing contributions to the electronic and muonic channels are already assumed.
One of the main inputs in our calculations are the transition form factors. In this respect, 
Other processes
With the LQ effects considered, the effective Hamiltonian for b → s + i − j transition can be written as [79] 
where the operators relevant to our study are
The LQ contributions result in [45] C NP,ij 9
In the model-independent approach, the current b → sµ + µ − anomalies can be explained by a 
at the 2σ (1σ) level, which provides in turn a constraint on λ For the b → sνν transitions, both the LQs Φ 1 and Φ 3 generate tree-level contributions.
However, after assuming that they have the same mass, their effects are canceled out due to the discrete symmetry in eq. (6). In addition, this LQ scenario can accommodate the (g − 2) µ anomaly [83, 84] , once the right-handed interaction term λ R f iū c f i Φ † 1 is introduced to eq. (5) [45] . We do not consider such a term in this work. More details can be found in ref. [45] , in which various lepton flavour violating decays of leptons and B meson have also been discussed. 
|V cb |(semi-leptonic) 41.00 ± 0.33 ± 0.74 10
|V ub |(semi-leptonic) 3.98 ± 0.08 ± 0.22 10 
Numerical Analysis
In this section, we proceed to present our numerical analysis of the LQ effects on the decays considered. After deriving the constraints on the model parameters, we concentrate on its effects on the five b → cτν decays, i.e., B → D ( * ) τν, B c → η c τν, B c → J/ψτν, and Λ b → Λ c τν. 
SM predictions
In table 1, we collect the relevant input parameters used in our numerical analysis. Using the theoretical framework described in section 3, the SM predictions for B → D 
Constraints
To get the allowed ranges of the LQ parameters, we impose the experimental constraints in the same way as in refs. [88, 89] ; i.e., for each point in the parameter space, if the difference between However, in order to produce the 2σ experimental range of R D ( * ) , the LQ contributions enhance
by about 2-3 orders of magnitude compared to the SM prediction, which reaches the expected LHCb sensitivity 5 × 10 −4 by the end of Upgrade II [44, 92] . It is noted that the B → K ( * ) τ + τ − decay may also play an important role in probing the LQ effects. Although the Belle II experiment will improve the current upper limit 2.25 × 10 −3 at 90% confidence level by no more than two orders of magnitude, the proposed FCC-ee collider can provide a few
Predictions
Using the constrained parameter space at 2σ level derived in the last subsection, we make predictions for the five b → cτν processes. Table. 2 • The differential branching fractions and the LFU ratios are largely enhanced by the LQ effects. Due to their small theoretical uncertainties, the latter provide testable signatures of the LQ model considered, especially in the large dilepton invariant mass squared region.
It is also noted that R Λc in the baryonic decay Λ b → Λ c τν has the potential to shed new light on the R D ( * ) anomalies.
• [96] . The deviation of the current world averages from the SM predictions descreases from 3.8σ to 3.1σ [94] . Since the difference between the new and privous averages is small, our numerical results are expected to be qualitatively unchanged. 
A Helicity amplitudes in b → cτν decays
In the presence of NP, the most general effective Hamiltonian for b → cτν transition can be written as [23, 65] 
In this appendix, for completeness, we consider the most general case of NP and give the 
A.1 Kinematic conventions
To calculate the hadronic helicity amplitudes of M → N τν in eq. (13), we work in the M rest frame and follow the notation of ref. [68] :
where q µ is the four-momentum of the virtual vector boson in the M rest frame, and
Then substituting the momentum into eq. (35), the Dirac spinors in the Λ b → Λ c τ ν τ decay can be written as
, (27) where
In the B → D * τν decay, the polarization vectors of the D * meson are given by
In all the five b → cτν decays, the polarization vectors for the virtual vector boson W can be written as
and the orthonormality and completeness relation [97] µ *
where g mn = diag(+1, −1, −1, −1).
In the calculation of the leptonic helicity amplitudes, we work in the rest frame of the virtual vector boson W , which is equivalent to the rest frame of the τ -ν τ system. Following ref.
[68],
we have
where
, and θ τ denotes the angle between the three-momenta of the τ and the N .
The Dirac spinors for τ andν τ read
respectively. More details can be found in appendix A.2
The polarization vectors of the virtual vector boson in the W rest frame are written as
which can also be obtained from eq. (29) by a Lorentz transformation and satisfy the orthonormality and completeness relation in eq. (30).
A.2 Dirac spinor
The definitions of the helicity operator h p and its eigenstates are given as follows [98] 
where p denotes the momentum of the particle and σ = {σ 1 , σ 2 , σ 3 } the Pauli matrices. Eigenstates of the helicity operator h p read
for the normalized momentumˆ p = {sin θ cos φ, sin θ sin φ, cos θ}.
Using these eigenstates, solution of Dirac equation (γ µ p µ − m)u( p, s) = 0 in Dirac representation can be written as
Then, spinor for antiparticle can be obtained by v( p, s) ≡ Cū( p, s)
where ξ( p, s) = χ( p, −s) and ξ( p, s) satisfies h p ξ( p, s) = −s ξ( p, s).
The spinors in Weyl representation read
They can also be obtained from Dirac representation by the relation u W ( p, s) = Xu( p, s) with the transformation matrix
In the τ -ν τ center-of-mass frame, we emphasize that if the τ spinor is specified as u( p, s)
3 The selection C = iγ 2 γ 0 is also permissible, but the v( p, s) will have an additional negative sign. in leptonic helicity amplitude, then theν τ spinor has the form v(− p, s), as in eq. (32) . All calculations in our work are in Dirac representation.
A.3 Leptonic helicity amplitudes
The leptonic helicity amplitudes in eq. (13) are defined as [68] 
It is straightforward to obtain L
. The non-zero leptonic helicity amplitudes read
A.4 Hadronic helicity amplitudes
The hadronic helicity amplitudes M → N are defined as
and
It is straightforward to obtain H
are connected by the relation σ µν γ 5 = −(i/2) µναβ σ αβ , where 0123 = −1.
B Form factors
The hadronic matrix elements for B → D transition can be parameterized in terms of form factors F +,0,T [99, 100] . In the BGL parametrization, the form factors F +,0 can be written as expressions of a + n and a 0 n [13],
. The values of the fit parameters are taken from ref.
[13]. Expressions of the tensor form factor F T can be found in ref. [99] .
For B → D * transition, the relevant form factors {V, A 0,1,2 } can be written in terms of the form factors {h V , h A 1,2,3 } in the Heavy Quark Effective Theory (HQET) [99] ,
In the CLN parametrization, the HQET form factors can be expressed as [78] h V (w)
with r = m D * /m B . Numerically we have,
. The fit parameters R 1 (1), R 2 (1), h A 1 (1) and ρ 2 D * are taken from ref. [14] . Expressions of the tensor form factors T 1,2,3 can be found in ref. [99] .
The Λ b → Λ c hadronic matrix elements can be written in terms of ten helicity form factors {F 0,+,⊥ , G 0,+,⊥ , h +,⊥ , h +,⊥ } [64, 65] . Following ref. [64] , the lattice calculations are fitted to two (Bourrely-Caprini-Lellouch) BCL z-parametrization. In the so called "nominal" fit, a form factor f reduces to the form
while a form factor f in the higher-order fit is given by
.The values of the fit parameters and all the pole masses are taken from ref. [65] . 
. (48) Then, the differential decay width in eq. (11) and angular observables in eq. (16) and (17) are
with 
with m ± = m B ±m D * . Then, the differential decay width in eq. (11) and the angular observables in eq. (16) and (17) are obtained, respectively, as
with
C.3 Λ b → Λ c τν decay
Using the transition form factors in appendix B, the helicity amplitudes for the Λ b → Λ c decay in eq. (41) can be written as
with m ± = m Λ b ± m Λc . Then, the differential decay width in eq. (11) can be written as
) , (61) with 
where means the summation over s = ±1/2. For the forward-backward asymmetry in eq. (16), we have
where 
For the Λ c longitudinal polarization fraction in eq. (17), we have
For the τ -lepton longitudinal polarization fraction, we have
